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SUMMARY 

A study has been made to determine the accuracies which could be 
expected from onboard primary navigation systems for the Lunar 
Excursion Module following the concentric flight plan. Emphasis was 
placed on comparing a Rendezvous Radar with an Optical Tracker as a 
source of navigational information. The comparison was drawn from 
error analyses of the navigation systems as they would function in 
various phases of the concentric flight plan. The results of the 
investigation indicate that there is little difference between 
Rendezvous Radar and Optical Tracker performance in the primary navi- 
gation system in terms of navigation accuracy or fuel requirements. 
Furthermore, for either sensor, the effect of reduced accuracy and 
the effect of varying the measurement sampling period on navigation 
accuracy are of little significance. 

INTRODUCTION 

The purpose of this study was to compare a Rendezvous Radar with an 
Optical Tracker as a source of navigational information in an on- 
board primary navigation system for the Apollo Lunar Excursion Module 
(LEM).  The comparison was drawn from error analyses of one system 
with an Optical Tracker, and another system with a Rendezvous Radar. 
Included in this comparison are the effects of sun and moon inter- 
ference on the sensors, inertial measurement unit (IMIJ) alinement ac- 
curacies of the two systems, command-service module (CSM) ephemeris 
uncertainties, and navigation base misalinement. An adequate treatment 
of these effects, as applied to the Concentric Flight Plan (CFP) for 
rendezvous, constitutes the difference between this investigation and 
the error analysis reported earlier in reference 1. The study 
reported in reference 1, firther, considered only direct transfers to 
rendezvous. 

The error analyses were performed by using a digital computer to cal- 
culate the covariance matrix for the errors of a navigation system 
(using either the radar or tracker) as a metion of time along the 
trajectories of interest. It was assumed that the navigation system 
would estimate the state (position and velocity) of the LEM measured 
relative to the CSM, and that the estimation would be done with a 
Kalman type filter (reference 2). 

Results are presented in the form of time histories of RMS relative 
position and velocity estimation uncertainties for the trajectories 
considered and a table giving estimates of theAV required to compen- 
sate for injection errors for the nominal and late launch. 
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SCOPE OF THE STUDY 

To compare a Rendezvous Radar with an Optical Tracker as a source of 
navigational information f o r  the LEM, it was necessary to consider the 
salient characteristics of the overall LEM mission. In this study, the 
LEM mission was taken to be that of following the CF'P (described in 
reference 3). 
be the following: 

The nominal sequence of events on the CFP was taken to 

a. LEM separation from CSM 

b. Hohmann descent 

c. Powered descent 

d. Landing 

e. Nominal launch 

f .  90' burn to adjust apocynthion 

g. Circularization 

h. Tfiansfer maneuver 

i. Terminal rendezvous 

In addition to the nominal sequence of events, there were the following 
contingencies which had to be examined (reference 4): 

a. 
to rendezvous 

Abort 12 minutes after LEM separation; 70 degree direct transfer 

b. Abort 35 minutes after LEM separation; 140 degree direct transfer 
to rendezvous. 

c. Abort from start of powered descent. 

d, Abort from hover. 

e. Late launch. 

The necessity of having to consider all these phases of the mission arose 
because there are physical limitations on both sensors which restrict 
their ability to track. For example, the Optical Tracker cannot track if 
the angle between the lines-of-sight to the sun and to the CSM is less 
than some critical value which is shown in figure 1 as a Mction of rela- 
tive range. Also, the tracker cannot track the CSM against a fully illwni- 
nated lunar background at ranges greater than 40 n.m. 
the tracker nor the radar can track at ranges greater than 400 n.m. 
every phase of the mission had to be examined to see if these limitations 
created any major problem areas. 

Moreover, neither 
Thus, 
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METHOD OF MTALYSIS 

The e r ro r  analyses were performed by using a d i g i t a l  computer t o  cal-  
culate  the  covariance matrix for t he  e r rors  of a navigation system 
(using e i the r  radar or t racker )  a s  a function of time along the  tra- 
j ec to r i e s  of i n t e re s t .  The computer program, which was  used, i s  
described i n  the appendix. 

The RMS r e l a t i v e  posi t ion uncertainty was obtained by taking the 
square root of the sum o f  t he  f i rs t  three diagonal elements of t he  
covariance matrix. Similarly,  the  RMS r e l a t i v e  veloci ty  uncertainty 
was obtained by taking the square root of the  sum of  the  second three  
diagonal terms of covariance matrix. Navigational measurements were 
simulated only i n  the  sense of computing t h e i r  e f f ec t s  on the  sta- 
t i s t i c s  of the estimation process. 

To do t h i s  type of e r ror  analysis,  it i s  necessary t o  have cer ta in  
a p r i o r i  s t a t i s t i c s  given. Also, it i s  necessary t o  have s t a t i s t i c a l  
e r ro r  models f o r  t he  radar, t racker ,  accelerometers, CDU, platform 
drive and DIU and NAV Base misalinements. The e r ror  models used i n  
t h i s  study are  discussed i n  the  next section. 

ERROR MODELS 

Optical  Tracker - The model used fo r  the  op t i ca l  t racker  i s  described 
i n  the  following way. It was assumed t h a t  t h e  t racker  would measure 
the azimuth and elevation angles of the  CSM r e l a t i v e  t o  an i n e r t i a l  
coordinate system ( the  IMIT). 
plo t ted  i n  f igure  1. 
table .  

The sun interference constraint  i s  
Other per t inent  data a re  given in  the  following 

Bias (1 6) = 

Noise (1 r )  = 

.2 mr 

.l5 mr 

For the  tracker,  specif icat ion data  indicated t h a t  NAV Base misaline- 
ment errors were negligible.  

Rendezvous Radar - The model used f o r  the radar i s  described as  follows. 
It w a s  assumed t h a t  the radar would measure e i the r  r e l a t ive  range or 
r e l a t i v e  range-rate, and shaf t  and trunion angles (defining the 
l ine-of-sight t o  the  CSM) r e l a t i v e  t o  the NAV Base. 
the  radar a re  given i n  the following tab le .  

Per t inent  data  f o r  

Range bias (1 = 500 f e e t  

Range Noise (3 6) 
Range Rate Bias (1 (f) = 1 ft . / sec .  

= greater  of $6 or 300 f e e t  
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Range Rate Noise (3 f/) 

Angle Bias (3 

= greater of 3 or  1 ft./sec. 

= 7 m r  (including NAV Base misalinement) ) 

Angle Noise (3 fl = 2 m r  for range < 200 n.m. linearly 
increasing to 4 m r  at 400 n,m. 

For the Rendezvous Radar, the NAV Base misalinement errors (specifica- 
tion values) are significant to the point where vehicle attitude must 
be known to represent the errors in a measurement. This being the case, 
vehicle attitude profiles had to be assumed in the simulations of the 
radar. 

The nominal attitude profile used in all radar simulations is described 
as follows: 

a. No r o l l  o r  yaw; LEM X-Z plane always coincident with orbital 
plane (see figure 2). 

b. Pitch vehicle so as to maintain LEM Z-axis along line-of-sight 
from LEM to CSM. 

The reasons for selecting this attitude profile are the following: 

a. With the vehicle Z-axis along the line-of-sight, the radar is 
always essentially boresighted down the Z-axis. This tends to minimize 
the radar boresight drift error since it is a flulction of the shaft and 
tmion angles which in this case are nominally zero. 

be Since the normal field-of-view for the astronauts is in the 
direction of the LEM Z-axis, this attitude profile keeps the CSM in 
their field-of-view at all times. 

c. This attitude profile would also simplify the mechanization 
of the onboard navigation system. 

IMU Errors .- When a Q V  maneuver is made, the errors in the estimate of 
the app1iedLS.V increase the uncertainties in the estimate of the vehicle 
velocity. Since the IMU measures the appliedDV, the error estimating 
the appliedAV comes from the IMU errors. 
maneuver, the covariance matrix for the error in the navigational esti- 
mate must be updated in accordance with the error model for the IMU. 
The data used for the IMU errors (specification values) are given in 
the following table: 

Therefore, after a A V  

Accelerometer bias (1 

Accelerometer scale factor (lr) 

uinement: 

= .00656 ft./sec. 

= 100 PPM 

LORS (1 f) = .2 mr 

AOT (1 6) = 1 IW 
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RESULTS AND DISCUSSION 

Using t h e  e r ro r  models presented i n  t h e  previous sect ions,  and t h e  computer 
program described i n  the  appendix, various t r a j e c t o r i e s  associated with t h e  
concentric f l i g h t  plan were simulated. For each t r a j e c t o r y  the  three  bas ic  
cases considered were: 

1. Navigational information provided by Optical  Tracker measuring 
azimuth and elevat ion angles.  

2.  Navigationa-1 in f  orma,tion provided by Rendezvous Ra.dar mea,suring 
sha,ft and t runion angles and range. 

3. Navigational information provided by Rendezvous Radar measuring 
sha f t  and t runion angles and range rake.  

The r e s u l t s  of t he  simula,tions a,re discussed i n  the  following sections:  

Nomina,l Launch - The geometry of t he  CFP nominal launch t r a j e c t o r y  i s  
represented i n  Figure 3. 
of events: 

The t r a j e c t o r y  consis ts  of t he  following sequence 

0 1. Powered ascent from launch s i t e  (taken t o  be 0 long., 0' ht.) 
t o  ascent in jec t ion .  

0 2. Coa,st through approximately 90 cen t r a l  angle. 

3. A t  approxima.tely 90 a AV maneuver i s  made t o  a,djust t he  aLtitude 
0 

and longitude of apocynthion. 

4. Circular iza t ion  of t he  o r b i t  a t  apocynthion and coa,st t o  t r a n s f e r .  

5. A t  the  t r ans fe r  point  a A V maneuver i s  made t o  put  t h e  LEN on a 
140° d i rec t  t r ans fe r  t o  rendezvous. 

The simulation of t h i s  phase of t h e  CFP w a s  i n i t i a t e d  a t  ascent in jec t ion .  
It  w a s  assumed that  na.vigationa1 measurements would be ma,de every three  
minutes provided t h e  constraints  on the  sensors were sak is f ied .  Results 
of t h e  simulations a re  shown i n  f igure  4. Figure 4a i s  a. semi-log p l o t  
of t h e  RMS r e l a t i v e  pos i t ion  uncer ta in t ies  i n  f e e t  versus time a , f ter  ascent 
i n j ec t ion  i n  minutes. 

The curve a t  t he  top  of the f igu re  i s  for  t h e  case where no measurements 
a r e  made throughout the  t r a j ec to ry .  It i s  seen that f o r  th i s  case, t h e  
RMS r e l a t i v e  pos i t ion  uncertainty begins a t  about 3700 f t .  and simply 
grows t o  about 6800 f t  a t  t h e  time of rendezvous. 

The curve a,t t he  bottom of t h e  f igu re  i s  fo r  t h e  case where the  Optical  
Tracker w a s  used t o  make measurements. It should be noted t h a t  t h e  i n i t i a l  
uncertainty fo r  th i s  case i s  about 400 f t . l e s s  than f o r  t h e  other cases 
ploted on the  f igure .  This r e s u l t s  because p r i o r  t o  launch, t he  platform 
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i s  realined, and the  alinement with t h e  Optical  Tracker system i s  more 
accurate than the corresponding alinement with the Radar System, There- 
fore ,  when the alinement e r rors  a re  propagated through the powered 
ascent, the t racker  system has smaller in jec t ion  e r rors  than the radar 
system. 

It should be pointed out t h a t  the Optical  Tracker does experience sun 
interference,  which i s  indicated i n  the f igure  as occurring a t  67 mine 
and l a s t i n g  u n t i l  78 min. a f t e r  inject ion.  This t r a j ec to ry  was computed 
assuming t h a t  the sun elevation angle ( r e l a t ive  t o  the lunar l o c a l  hori-  
zontal)  a t  the  landing point was 4 5 O ,  and the lunar s tay  time was 36 
hours. However, other t r a j e c t o r i e s  were computed w i t h  t he  elevation 
angle being varied up from an elevation of l 5 O  and no s igni f icant  d i f -  
ference was noted i n  the performance of the t racker  system. 
t h i s  case was presented as being typ ica l  of any sun elevation angle 
currently being considered f o r  t he  CFP, and it was concluded that  sun 
interference w i t h  the  Optical  Tracker i s  not a problem on the nominal 
launch. 

Therefore, 

The two curves i n  the middle of the f igure  a re  f o r  the  t w o  cases where 
the Rendezvous Radar was the sensor. In  both cases shaf t  and trunion 
angles were measured so tha t  the cases dif ' fer 'only i n  t h a t  range was 
the t h i r d  measurable i n  one case whereas range-rate was the  t h i r d  meas- 
urable i n  the  other case. It should be c lear  tha t  the  two types of  
radar d i f fe red  very l i t t l e  i n  terms of the navigational accuracy they 
provided. 

Figure 4b i s  a semi-log p l o t  of the RMS r e l a t i v e  veloci ty  uncertaint ies  
i n  f e e t  per second versus time a f t e r  in jec t ion  i n  minutes. 
t ion  of t h i s  p l o t  i s  v i r t u a l l y  the  same as the preceding description of 
f igure  4a. 

The descrip- 

It should be pointed out that  the "lumps" on the radar curves a re  due t o  
out-of-plane e r rors ,  This i s  eas i ly  seen by examination of f igure  4c 
which i s  a p lo t  of the components of t he  r e l a t i v e  posi t ion uncertaint ies  
along the l ine-of-s ight  (LOX), out-of-plane, and i n  ;;the o r b i t a l  plane 
normal t o  the  LOS. Although the  p lo t  i s  f o r  the case where no measure- 
ments a re  made the per iodic  character of the out-of-plane e r ro r  i s  very 
evident i n  the radar e r rors  p lo t t ed  i n  figure 4a. 

I n  the navigation system of t h i s  study, the r e l a t i v e l y  la rge  radar 
out-of-plane e r rors  were due t o  a NAV Base misalinement bias, If 
necessary, the e r ro r  could be reduced subs tan t ia l ly  by simply estimating 
any difference between the  radar and t racker  accuracies, it would impose 
some addi t ional  computational requirements on the radar system. Overall 
comparison of the curves on f igures  4a and 4b shows t h a t  there  i s  l i t t l e  
difference i n  navigation accuracy using e i the r  the  Optical  Tracker or 
the Rendezvous Radar i n  the primary navigation mode. 



Late Launch - The geometry and sequence of events f o r  the CFP l a t e  
launch t r a j ec to ry  a re  e s sen t i a l ly  the  same as the nominal launch t r a -  
jectory.  The only subs tan t ia l  difference i s  the  posi t ion of the  CSM 
a t  launch. Figure 5 i s  a semi-log p lo t  of the RMS r e l a t i v e  posi t ion 
uncertainty i n  f e e t  versus time a f t e r  in jec t ion  i n  minutes. The 
description of t h i s  p lo t  i s  similar t o  the  description of f igure  4a. 

It should be noted tha t  during the  f i r s t  21  minutes of the  l a t e  
launch t ra jec tory ,  nei ther  the Optical  Tracker nor the  Radar can make 
measurements. This i s  due t o  the f a c t  t ha t  t h e  r e l a t ive  range during 
t h i s  period i s  greater  than 400 n.m. 

Once again the Optical  Tracker experienced sun interference,  but it 
was found tha t  interference i s  not a problem on the l a t e  launch. 

Abort Trajectory Results - The geometry of t he  abort from s t a r t  of 
powered descent i s  shown i n  f igure  6. 

A semilog p lo t  o f  the  r e l a t ive  posi t ion e r ro r  fo r  an abort 1 2  minutes 
a f t e r  LEM/CSM geparation i s  shown i n  f igure 7. 
f e r  through 70 . The time of abort  i s  indicated on the  p lo t ,  and it 
should be c lear  from the legend which curve goes with which system. 

This i s  a d i r ec t  t rans-  

The r e l a t ive  posi t ion e r ror  f o r  an abort 35 minutes a f t e r  LEM/CSM 
separation i s  shown i n  f igure 8, using a d i r ec t  t ransfer  through 140 . 
This p lo t  i s  v i r t u a l l y  the same as the other abort. There is  no sun 
interference on t h e  t racker  f o r  t h i s  and the agove abgrt case f o r  e le-  
vation a t  the landing s i t e  corresponding t o  15 t o  45 . Figure 9 
shows r e l a t i v e  posi t ion e r ro r  f o r  an abort from s t a r t  of powered descent. 
The only thing d i f fe ren t  about t h i s  p lo t  i s  the  moon interference toward 
the end of the t ra jec tory .  
slowly during the period of moon interference,  but once t rack  i s  reestab- 
l ished,  the e r ror  comes back down. Therefore, moon interference with 
the tracker does not appear t o  be a problem. The reason f o r  the  r e l a -  
t i v e l y  large buildup of e r rors  during the  f i r s t  portion of the t r a j ec -  
t o r i e s  i s  a s  follows: During the  f irst  pa r t  of the t ra jec tory ,  the  
op t i ca l  t racker  i s  hampered by the f a c t  t ha t  there i s  a low line-of-sight 
r a t e .  Whenever t h i s  i s  the case, the t racker  does not ge t  a lot of 
information and the e r ror  tends t o  grow. The reason f o r  the  radar e r ror  
growing a t  the  beginning of the t r a j ec to ry  i s  the ra ther  la rge  bias i n  
the range i n i t i a l l y ,  and even though the  bias i s  being estimated, it 
takes a cer ta in  amount o f  information coming i n  t o  get  an estimate of 
t h i s  b ias ,  
the information i s  going in to  the  estimation of bias and very l i t t l e  
i n to  the estimation of the  s t a t e .  
good, the radar e r rors  tend t o  decrease u n t i l  the  point i s  reached i n  
the  t ra jec tory  where r e l a t ive  range becomes qui te  large.  Since the  noise 
i n  the  radar range measurement i s  a function of the range, the noise i s  
going up and therefore  causing e r rors  t o  go up during the  middle portion 
of the  t ra jec tory .  

0 

The e r ro r  i n  the opt ica l  t racker  increases 

Therefore, during the  f irst  pa r t  of the t ra jec tory ,  most of 

Once the b i a s  estimate becomes f a i r l y  
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There i s  l i t t l e  difference between the  navigation accuracies obtained 
w i t h  radar and op t i ca l  t racker  f o r  the  abort t r a j e c t o r i e s  considered. 
This i s  consistent w i t h  the  statement made e a r l i e r  f o r  the nominal 
launch t ra jec tory .  

Effect of Sampling Period - The e f f ec t  of sampling period on r e l a t i v e  
posi t ion e r ro r  f o r  t he  op t i ca l  t racker  f o r  the nominal launch t r a j ec -  
to ry  i s  shown in  f igure  10. The so l id  curve shows the e r ro r  if one 
measurement i s  made every three minutes whereas the dashed curve 
shows the e r ro r  if  there  i s  only one measurement made every nine 
minutes. After a measurement is  made on the  nine-minute sampling 
period case, the  e r ro r  i s  very close t o  the three-minute sampling 
period curve. A s  long as we are aware of t h i s  and know t h a t  we should 
only look a t  our estimate immediately a f t e r  making a measurement, then 
we can conclude t h a t  increasing the sample period does not degrade the 
accuracy of the  system very much. 

The e f f ec t  of sampling period on r e l a t i v e  posi t ion e r ror  f o r  the  range 
radar shown i n  f igure  11 i s  very similar t o  the  e f f ec t  of sampling 
period on the op t i ca l  t racker  (compare f igure 11 w i t h  f igure  lo), and 
the same conclusions as  were drawn before a re  per t inent  i n  t h i s  case. 

Effect  of Sensor Accuracy - The e f f ec t  of op t i ca l  tracker accuracy on 
the r e l a t i v e  posi t ion e r rors  on the  nominal launch t r a j ec to ry  i s  shown 
i n  f igure  12. The dashed curve i s  the performance we get i f  the t racker  
has the  specif icat ion value f o r  the noise  whereas the so l id  curve i s  the 
e r ror  if  the  errors were three times the  specif icat ion values. While 
there i s  some degradation i n  the performance of the system w i t h  the  
e r rors  being increased by the f ac to r  of three,  the degradation does not 
appear s ign i f icant .  

The e f f ec t  of range radar accuracy on r e l a t ive  posi t ion e r rors  f o r  nomi- 
na l  launch i s  shown on f igure  13. The dashed curve i s  fo r  the radar w i t h  
the specif icat ion values. The so l id  curve i s  f o r  three times the speci- 
f i ca t ion  values and the  dotted curve i s  f o r  specif icat ion noise but  the  
angle b i a s  i s  reduced t o m e  mil l i radian.  Once again, there i s  some degra- 
dation when the noise and bias  a re  three  times the specif icat ion values, 
but since the e r rors  a re  probably s igni f icant  only a t  the end of the  
t ra jec tory ,  the  degradation does not seem t o  be very serious. 

- Estimates of theAV required 
t o  compensate f o r  in jec t ion  e r rors  are shown i n  f igure  14, 
wege computed by assuming tha t  in-plane e r rors  would be taken out a t  the 
90 burn and tha t  the out-of-plane e r ro r s  would be taken out a t  t he  t rans-  
f e r  point.  
the f a c t  t h a t  the s t a t i s t i c s  of t h e  individual AV's are  not ea s i ly  repre- 
sented analyt ical ly .  Approximations were made so that an ana ly t ica l  solu- 
t ion  could be obtained from a more t r ac t ab le  d is t r ibu t ion  by l inear iz ing  
about the  nominal B V ,  computing the  required g a r t i a l  derivatives,  and 
assuming perfect  estimation accuracy a t  the 90 maneuver. Presented here 

These numbers 

The approximate nature of theAV's  presented here i s  due t o  
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a re  the  means, denoted b y A ,  and the  standard deviations denoted by G;' 
f o r  both the nominal and l a t e  launches, and f o r  both LORS and the 
Rendezvous Radar. It can be seen from the  numbers t h a t  there  i s  very 
l i t t l e  difference i n  the A V  penalty between the  two types o f  systems. 

CONCLUDING RF1MARKS 

A study was made t o  determine the  accuracies which could be expected 
from onboard primary navigation systems f o r  the Lunar Excursion Module 
following the concentric f l i g h t  plan. Emphasis was placed on comparing 
a Rendezvous Radar with an Optical  Tracker as  a source of navigational 
information. 
t i o n  systems as  they would function i n  various phases of the concentric 
f l i g h t  plan. The r e s u l t s  of the  investigation indicate  t h a t  there i s  
l i t t l e  difference between rendezvous radar and op t i ca l  t racker  per- 
formance f o r  specif icat ion e r ror  models i n  the  primary navigation sys- 
tem i n  terms of navigation accuracy or  f'uel requirements. 
t h a t  sun interference has l i t t l e  e f f ec t  on the accuracy of t he  primary 
system w i t h  the  op t i ca l  tracker.  Furthermore, t he  e f fec ts  of measure- 
ment sampling period and degraded systems have l i t t l e  significance. 

The comparison was drawn from e r ro r  analyses of t he  naviga- 

It was found 
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APPENDIX A 

The purpose of t h i s  appendix i s  t o  describe a computer program which 

provides the  capabi l i ty  t o  perform e r ro r  analyses of LEM-CSM rendezvous 

t r a j ec to r i e s .  Par t icu lar  a t ten t ion  has been given t o  the  simulation of 

t he  CFP (concentric f l i g h t  plan) ,  but t he  bas ic  program has the  capabi l i ty  

of simulating v i r t u a l l y  any type of rendezvous t r a j ec to ry  with only 

moderate a l te ra t ions .  

For convenience, t h i s  appendix i s  divided i n t o  two main sections.  

The f i rs t  sect ion i s  a verbal description of what the program does i n  

terms of what i s  computed, and how it i s  computed. The second section 

presents the  appropriate equations which correspond t o  the descr ipt ion 

given i n  the f i rs t  section. 

Description of Program 

Dynamics.- The CSM i s  assumed t o  be i n  an o rb i t  about the moon. The 

equations of motion fo r  the CSM are wri t ten r e l a t ive  t o  an i n e r t i a l  

coordinate system centered i n  the  moon, which i s  assumed t o  have an 

inverse square, cen t ra l  force f i e l d .  

The LEM i s  assumed t o  be on a t r a j ec to ry  which would lead t o  rendezvous 

w i t h  the  CSM. The motion of the  LEM i s  described by i t s  posi t ion and 

veloci ty  measured r e l a t ive  t o  t h a t  of the  CSM. 

A LEM guidance maneuver i s  represented by simply adding a V t o  the  

LEM veloc i ty  vector. 

Navigation System.- The navigation system i s  simulated by assuming 

t h a t  measurements would be processed by a Kalman type f i l t e r .  The use 

of t h i s  f i l t e r  e n t a i l s  l inear iza t ion  about nominal t r a j ec to r i e s ,  white 

gaussian noise representation of random input var iables ,  and a cer ta in  

amount of given a p r i o r i  s t a t i s t i c s .  
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The program w i l l  compute the  covariance matrix of the e r ro r  i n  the 

estimate of the  deviations from the  nominal r e l a t i v e  s t a t e  of the LEN, 

The corresponding covariance matrix fo r  the  CSM i s  a l so  computed. 

Measurements.- Ei ther  op t i ca l  sightings or radar measurements 

can be simulated. 

consis ts  of the simultaneous reading of two anglesflus b ias  and random 

er rors .  Radar measurements consis t  of the simultaneous reading of two 

angles, range or range-rate, plus b i a s  and random er rors .  

In  the  case of op t ica l  sightings,  a measurement 

The angle measurements programed f o r  the Optical Tracker are  azimuth 

and elevation, as opposed t o  two gimbal angles f o r  the  radar shaf t  and 

trunion. 

independent, and the  noise e r rors  independent unto perpetuity.  This i s  

only approximately correct  because of the ac tua l  angles measured, t he  

IMU misalinement, and the  NAV Base misalinement. 

gyros is  programed t o  a f f ec t  the two biases  independently and d r i f t s  between 

integrat ion s teps  a re  assumed t o  be independent. This i s  s o r t  of a white 

noise characterization. Additionally, before an V maneuver, the IMU 

i s  realined, and the b i a s  estimation i n i t i a l i z e d .  

In  addition, the angular b i a s  e r rors  a re  assumed t o  be i n i t i a l l y  

The d r i f t  of the 

Of course, measurements are  simulated only i n  the  sense of computing 

t h e i r  e f f e c t s  on the  s t a t i s t i c s  of t he  estimation process. 

Measurement Constraint.- I n  simulating measurements made by an 

op t i ca l  t racker ,  it i s  necessary t o  consider t h a t  t h e  t racker  cannot 

t rack  i f  the  angle between the l i n e s  of s igh t  t o  the  sun and t o  the  

vehicle i s  l e s s  than some c r i t i c a l  value. Moreover, t h i s  c r i t i c a l  angle 

i s  a function of the range Eetween the vehicles.  This e f f ec t  i s  simulated 

i n  the program by prohibi t ing op t i ca l  measurements when the  constraint  

i s  not s a t i s f i e d ,  
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EQUATIONS FOR THE PROGRAM 

Dynamic Equations. The equations of motion f o r  the CSM are given by 

c 

where 

= radius vector of CSM C 

/4 = gravi ta t iona l  cons tan t \ for  moon 

Let denote the  radius vector of LEM and. define the  r e l a t i v e  vector 
L 

The d i f f e r e n t i a l  equation f o r  i s  

Nominal t r a j e c t o r i e s  ( i . e . ,  solut ions of (1) and (3) f o r  gc(t) and[(t)) 
a re  needed t o  compute coef f ic ien ts  i n  the matrix d i f f e r e n t i a l  equa ions 
given i n  the  next section. 

Transit ion Matrices. The t r a n s i t i o n  matrix f o r  CSM deviations i s  denoted 
by 3 and computed from 

where 
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The fundamental matrix f o r  r e l a t i v e  deviations i s  d.enoted. by 
computed. from 

and 

ac 
(5 )  

d. 
- d t  (t, to) = f ( t)  (t' to), 0 (to, to) = 1 

Since the  r e l a t i v e  state i s  a function of the  CSM s t a t e  (see equation (3 ) ) ,  
there  i s  t h e  ad.ditiona1 t r a n s i t i o n  matrix f o r  r e l a t i v e  deviations which 
i s  denoted. b y r  and computed from 

CSM Errors. 
during the f l i g h t .  Therefore, i f  the  e r r o r  i n  the  estimate a t  time t i s  
denoted. by e and. i f  P i s  .defined as 

It i s  assumed t h a t  t he  estimate of t he  CSM state i s  not updated 

K 
K' K 

where it i s  assumed t h a t  P w i l l  be given. It should be noted t h a t  i f  
the  estimate of the CSM st%e i s  the  nominal t ra jec tory ,  then P 
the  covariance matrix of t h e  CSM dispersions,  and, the  dispersions a re  the  
negative of t he  e r ro r s .  

i s  a l so  K 
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Relative S ta t e  Estimation Errors.  The propagation of r e l a t i v e  s t a t e  
estimation e r ro r s  i s  d.one i n  the following way: 

I.) Define the  matrix M as 

where the  arguments of @ , and T are (tK+l, tK), and 

S = Cov. ( e r ro r  i n  measuring AV correction; n u l l  i f  no 
correct ion i s  made) K 

where 

g K = e r r o r  i n  estimating r e l a t ive  s t a t e  a t  time t K '  

It should be noted t h a t  i f  @ i s  parti t ioned.,  i . e .  

then 

11.) Compute the  gain matrix K from 

T T K = M B (BMB + R)-' (9) 

where a l l  matrices i n  (9)  a re  und.erstood t o  have subscript  k+l, and B 
and. R a re  defined as follows: 

a.) If z denotes the  vector  valued. measurement given by 

z = b(?) + v 
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where v i s  the  noise i n  the  measurement, then 

b.)  The matrix B i s  a Jacobian matrix, i . e .  

L 

evaluated. on the  nominal 

111. Having computed. 

c 

t ra jec tory .  

K,  the  matrices and. Z a re  upd.ated. by 

where a l l  matrices without subscripts are understood t o  have subscript  k+l.  

The accuracy of the estimation process i s  obtained from the T m a t r i x .  

Measurement Constraint. The angle between the  l i n e  of s ight  t o  the  sun 
and the l i n e  of s igh t  t o  the  CSM i s  determined by 

where 3 i s  a un i t  vector i n  the direct ion of the  sun. The c r i t i c a l  angle, 
s, 

A 
where = ~~~ i s  g iven ' in  naut ica l  miles. 

The c r i t e r i a  which must be m e t  for an opt ica l  sighting t o  be made i s  as 
follows : 

0 40 n.m., make a measurement only i f  y> 5 e 

B. If I*"/ 40 

The expression f o r  
Two s e t s  of d a t a  were available,  one s e t  being the  design c r i t e r i a  f o r  the 
t racker ,  the  other being a 100 fac to r  degradation of t h e  t racker  f i l t e r  
performance. The curve i s  between the two s e t s  of da t a ,  but  i s  weighted 
more i n  the  d i rec t ion  of the  degraded performance. 

e ,  make a measurement only i f  y> p. 
s obtained by f i t t i n g  a curve t o  imperical data. 


